Late Quaternary volcanic basins are active landscapes from which detailed archives of past climate, seismic and volcanic activity can be obtained. A multidisciplinary study performed on a transect of sediment cores was used to reconstruct the depositional evolution of the high-elevation Laguna del Maule (LdM) (36 • S, 2180 m asl, Chilean Andes). The recovered 5 m composite sediment sequence includes two thick turbidite units (LT1 and LT2) and numerous tephra layers (23 ash and 6 5 lapilli). We produced an age model is based on nine new 14 C AMS date, existing 210 Pb and 137 Cs data and the Quizapú ash horizon (CE 1932). According to this age model, early Holocene were followed by a phase of increased productivity during the mid Holocene and higher lake levels after 4.0 ka BP. Major hydroclimate transitions occurred at ca. 0.5, 4.0, 8.0 and 11 ka BP. Decreased summer insolation and winter precipitation due to a southward shift in the Southern Westerly Winds and a strengthened Pacific Subtropical High could explain early Holocene lower lake levels. Increased biological productivity during 10 the mid-Holocene (∼ 8.0 to 6.0 ka) is coeval with a warm-dry phase described for much of southern South America. Periods of higher lake productivity are synchronous to higher frequency of volcanic events. During the late Holocene, the tephra layers shows compositional changes suggesting a transition from silica-rich to silica-poor magmas at around 4.0 cal ka BP. This transition was synchronous with increased variability of sedimentary facies and geochemical proxies, indicating higher lake levels and increased moisture at LdM after 4.0 cal ka BP, most likely caused by the inception of current ENSO/PDO-like 15 dynamics in central Chile.
summarizes the main characteristics of the LdM lacustrine facies. The finer grain size of facies D1 and D2 and the absence of littoral components (i.e macrophyte remains), with variable clastic input, particularly higher during deposition of 170 D2. Coarser grain size and the abundance of macrophytes remains setting for facies D3 compared to D1 and D2. Facies D3, D4 and D5 are organized in dm-thick sequences and they are macrophyte-dominated (D5, D3) to diatom-dominated environments (D4) (Fig. S5 ). Laminated facies D6 have the highest TOC and TS values up to 5.5 and 7.0 %, respectively, and contain euhedral crystals of endogenic calcite about 10 µm in size.
6 https://doi. org/10.5194/cp-2019-147 Preprint. Discussion started: 22 January 2020 c Author(s) 2020. CC BY 4.0 License. sedimentary facies (Figures 4 and S5h) shows the highest values in banded facies D3, D4 and D5, and relatively lower values in laminated (D6) and core top sediments (D1 and D2). D3 and D4 facies also show higher values than macrophyte-rich D5.
Well-defined peaks throughs in BioSi low BioSi values occur at the base (432-433 cm), middle (364-366 cm), and top (313-316 cm) of unit 5, some of them likely associated to volcanic facies (Figure 4 ).
Mass Wasting Deposits and Lacustrine Turbidites
values that we have obtained from soil, particulate organic matter (POM) in the water, macrophytes and sediments of the nearby El Piojo lake (Figure 2 ) range between -1 to 3 ‰, 14 to 18 ‰, 2 to 5 ‰ and -1 to 2.5 ‰, respectively. Recent sediments in 275 LdM are similar to facies D1 and D2 in cores ( Figure S5 ) and they show TOC/TN values between 12 and 14, δ 13 C from -14 to -20 ‰ and δ 15 N from -1 to 10 ‰, with δ 15 N values more positive in offshore than in littoral sediments. The close correlation ( Figure S11 ) with sedimentary facies and organic composition (algal versus macrophyte) suggests that depositional environments (more littoral versus more distal) play a significant role in N dynamics in LdM
Pollen 280
Pollen spectra are primarily dominated by Poaceae and secondly by Ephedra, Amaranthaceae and Asteraceae ( Figure S12 ).
Poaceae are dominant throughout, especially in unit 3 and Amaranthaceae become dominant after unit 3. Ephedra dominant principally in the part upper of unit 5. A major change occurred at 300 cm (Figures 4, S12a) , marked by a significant increase in Ephedra/Poaceae and Amaranthaceae/Poaceae ratio, which can be interpreted as an upward shift of lower vegetation belts.
4.6 Age model 285 We used four approaches to establish the age-depth model of the LdM record and the recent 14 C reservoir effect: (1) dating the water-dissolved inorganic carbon (DIC) at the mixolimnion (∼20 m), (2) dating modern submerged macrophytes (Table 1) , (3) comparing ages from the same stratigraphic interval obtained from macrophytes, terrestrial samples with no reservoir effect (i.e. wood) and tephrochronological marker such as the top ash layer in the sequence identified as the Quizapú Volcano eruption of (CE 1932) and (4) we dated only samples of macrophytes through of the sequence (see Table 1 , Figures 5, S13). According 290 to this age-depth model, the LdM sequence spans the last 13 cal ka BP with a reservoir effect of 4.7 cal ka BP. The age model is thus robust for the upper 3 units ( Figure 5 ) including 14 C dates from terrestrial macrofossils, 210 Pb and 137 Cs dates and the Quizapú ash and a better constrained 14 C reservoir effect. The CE 1963 137 Cs peak centered at 6.5-7 cm (Figure 5b ) fits well the 210 Pb chronology, and the Quizapú ash horizon a 14-15 cm, adding considerable confidence to the age model for these upper units. Units 1 and 2 span the last 0.65 cal ka BP with an accumulation rate of ∼ 10 a cm −1 and ∼ 20 a cm −1 , 295 respectively. Analyses of pollen in the LdM sequence show the first appearance of Pinus pollen at 30 cm (ca. 1750 (ca. -1700 similarly to other pollen records in central Chile (Villa-Martínez et al., 2003; Frugone-Álvarez et al., 2017) and the sharp increase of Pinus sp. pollen at 10 cm depth (Table 3A) coincides with the promulgations of the forest law in 1931 that had a large impact in deforestation (e.g, in El Maule Province reached 143.450 ha in 1943 CE). unit 3 (195-43 cm) spans between 4.0 and 0.65 cal ka BP with a median rate of 23 a cm-1. unit 4 (LT1, 300-195 cm in site 3) started at 4.0 cal ka BP. Laminated unit 300 5 (440-300 cm) is characterized by a low accumulation rate ( 70 a cm-1) and includes most of the Holocene (13.0 to 4.0 cal ka BP), whereas unit 6 (Lacustrine Turbidite 2) was deposited prior to 13 cal ka BP. The age of the lower part of the sequence (units 5 and 6), however, is not as well constrained. Obtaining a robust absolute chronology for the LdM sequence is hampered by the lack of plant macrofossils and a large 14 C reservoir effect ( Figure 5 and Table 1 ). Large reservoir effects are common in Andean volcanic lakes, likely due degassed magmatic CO 2 (Holdaway et al., 2018; Sulerzhitzky, 1971; Valero-Garcés et al., 1999) . Volcanic CO 2 rising from sublacustrine springs is assimilated by submerged and aquatic vegetation resulting in dates that are apparently too old (Christenson et al., 2015) . Although the top ash layer has not been geochemically fingerprinted, its estimated age according to 210 Pb techniques 310 coincides with the Quizapú Volcano eruption (CE 1932) and it can be used as a chrono-stratigraphic marker in the lake sequence (Carrevedo et al., 2015) . The DIC-based reservoir effect was similar to that found in living macrophytes sampled at the dam (age ca. 2.4 cal ka BP), but considerably lower than the estimate based on the comparison of samples from the same stratigraphic level: a macrophyte sample (LEM11-3A, 13 cm, ca. 4.8 cal ka BP) and a wood sample (LEM13-3D, 14 cm, ca. 0.85 cal ka BP).
This variable range of the reservoir effect underlines the complexity of the carbon cycle in volcanic lakes with likely temporal 315 and spatial variability and also suggests that biological effects on the littoral versus distal environments may be significant. A detailed study of 14 C ages variability in modern sediment, aquatic vegetation, organic producers is needed to understand these differences. With the available data and as most dated samples in our sequence were macrophyte remains, we have established a reservoir effect of 4.7 cal ka BP for the sequence resulting from the difference in age among macrophytes and wood samples from the same level (Carrevedo et al., 2015) . We are aware of the simplification of these methods to estimate the reservoir 320 effect for the whole sediment sequence, as the complexity of the carbon cycle in volcanic lakes is likely to cause spatial and temporal variability in these values. However, until a more detailed tephrochronology is developed for LdM, this methodology offers the best approach to estimate the age of the sequence. We have considered the uncertainties of the age model in the paleoenvironmental and paleoclimate implications of the LdM record.
Depositional dynamic of LdM

325
According to the genetic classification of volcanic lakes by Christenson et al. (2015) Laguna del Maule corresponds to a Caldera Lake: the lake was developed in a polygenetic volcanic system (G1), the relationship between volcanic processes and lake formation is strong (R1), the duration of the lake water fill after the eruption is long (T0) and the lake fills a large part of the caldera (L1). The main stages in the depositional evolution of LdM have been characterized based on the sedimentological and geochemical features of the composite sediment sequence for Site 3. Seven main depositional phases/events have been 330 identified during the evolution of LdM, corresponding to the emplacement of turbidites LT2 (Phase I) and LT1 (Phase V), deposition in a shallower lake with intense volcanism, and high organic productivity (Phase II to IV) and a deeper, fluctuating and less productive lake (Phase VI and VII).
Phase I: Emplacement of turbidite LT2
The 14 C -based chronology of the LdM sedimentary sequence favors a pre-Holocene (ca. 13.3 cal ka BP) for the emplacement 335 for LT2. Andersen et al. (2017) dated the rle lava at the north end of the lake (Figure 2 ) as 19 ± 0.7 ka. This volcanic eruption dammed the lake, raising its level by 200 meters and forming a prominent shoreline around the entire basin (Hildreth et al., 2010) . The dating of these paleoshoreline outcrops with cosmogenic 36Cl provided minimum age ranges of 9.4 ± 0.4 ka, 8.8 ± 0.6 ka, 7.5 ± 0.3 ka, 6.6 ± 0.6 ka and 4.2 ± 0.2 ka ago, suggesting that the lake drained catastrophically in the early Holocene or later. Using these cosmogenic 36 Cl dating, Singer et al. (2018) conclude that the age of this event of the paleoshoreline is 340 ca. 9.4 ka. This is a much younger age (3500 years) compared to the age provided by our 14 C model (ca. 13 ka BP).
Sedimentary facies at the base of the recovered sequence do not show evidence for deep hemipelagic deposition. According to our 14 C age model, brecciated volcanic facies in Site 1 (unit 7) would be pre-Holocene and could correspond to the Volcanic Phase 1 defined by Singer (2014) . Alternating hemipelagic and coarse sands with rounded clasts suggest strong fluvial/alluvial transport during a lake phase occurring before the catastrophic pre-early Holocene drainage of the lake (Singer, 345 2014; Singer et al., 2018) . However, as we see no important depositional changes (i.e. from deeper to shallower facies), hiatus or erosional surfaces in the lacustrine sequence, the sediments recovered in LdM sequence could only have been deposited after this catastrophic event.
Emplacement of lacustrine turbidite LT2 could be related to three main triggering processes; (1) intense seismic and volcanic activity (Moernaut et al., 2019) in the basin during the late glacial ( 14 C age model), (2) intraplate (intraslab or crustal) earth-350 quakes (Van Daele et al., 2019; Wils et al., 2018) related to a postglacial/Holocene uplift (Singer et al., 2018) in combination with tectonic processes of the Troncoso Fault or (3) to the event drainage of the lake if this emplacement would have been related to the catastrophic drainage of the basin, it should have occurred later, according to the 36 Cl-dating of the highest lake shoreline ca. 9.4 cal ka BP (Singer et al., 2018) . The discrepancies between the two age models may only be resolved with additional dating methods (e.g. with individual lipid terrestrial compounds or estimating a dynamic reservoir effect through 355 record) and the development of a tephrochronology for the LdM sequence. Indeed, the occurrence of tephra layers in the LdM sequence provides a unique opportunity for fingerprinting and linking them to the known 40 Ar/ 39 Ar and 14 C dated eruptions in the basin (Andersen et al., 2017; Singer, 2014; Singer et al., 2018) .
Phase II: A shallow, low productivity lake
Unit 5 represents deposition in the LdM between two major catastrophic events: LT2 (late glacial to early Holocene, according 360 to our 14 C age model) and LT1 (mid Holocene, 4 ka BP). After deposition of LT2 turbidite, fine lacustrine deposition resumed in the northern LdM basin with diatomaceous facies D6 (Sites 1, 2 and 3; Figure 3 ). At Site 3, sediments overlying LT2 are only about 30 cm thick (unit 5, 411-438 cm depth) and composed of facies D6a (less diatomaceous and less organic-rich) and D6b (more organic-rich and with some endogenic calcite). This alternation reflects transition from diatom-dominated productivity (D6a) to macrophyte-dominated (D6b), likely caused by lake level fluctuations ( Figure 7) . A major volcanic event deposited 365 L5 and several tephra (T18 and T17) ( Table 5 ). Higher Z 1 -score values suggest a relatively higher supply of volcanic detritus 1991). More dominant reducing conditions at the water sediment interphase would enhance dissolution of Mn (II) but would not greatly affect Fe (II) leading to higher Fe/Mn sediment values (Davison, 1993; Tipping et al., 1981) . Differences in the input of Mn and Fe to the sediments weathering intensity and volcanic activity. Higher sediment input from the watershed and more oxic conditions at the bottom of the lake are coherent with lower levels and increased mixing regimes in the lake.
Most indicators (TOC, TIC, C/N, Z 2 -score, Br/Ti) suggest a change in the amount and composition of phytoplankton and 375 terrestrial organic matter (Meyers (2003) , Figure 7 ). At this time, BioSi reached the lowest values of the whole sequence suggesting lower diatom productivity ( Figure 7 ). The δ 13 C in bulk organic matter values are in the same range, although slightly more negative than other Andean lakes (e.g., Pueyo et al., 2011; Díaz et al., 2016; Contreras et al., 2018) where sources of heavy carbon attributed to magmatic CO 2 inputs seem to play a significant role in C cycling (Valero-Garcés et al., 1999) . The δ 15 N values depend on contributions of algae, macrophytes and land plants, and the nitrogen source (NO − 3 , N 2 ) 380 (Botrel et al., 2014) . δ 15 N is also used as an indicator of primary productivity (Meyers, 2003) with less positive values linked to an decrease in phytoplankton productivity during this phase Meyers and Teranes (2002) . Pollen samples indicate sparse vegetation and relatively high Ephedra/Poaceae ratio would suggest relatively humid conditions facilitating an upward shift of lower vegetation belts. Therefore, the pollen point to a shift to increased aridity at the base of unit 5 and a return to more humid conditions in upper units 3 to 1 (Figures 7 and S12). Carbonate deposition in another Andean volcanic lake Lago Chungará, 18 • S, 4500 m asl ( Figure 1 ) has been extensively studied (Pueyo et al., 2011; Sáez et al., 2007; Moreno et al., 2007) and provides a comparison for this site. LdM is an alkaline volcanic lake (Pecoraino et al., 2015) , with pH > 8, relatively high HCO − 3 and CO 2− 3 and low Ca 2+ concentrations. Several factors control carbonate formation in volcanic Andean lakes, (i) variations in salinity due to evaporation; (ii) the input of calcium due to weathering of new volcanic material; (iii) CO 2 photosynthetic depletions related to seasonal phytoplankton blooms; (iv) the development of littoral settings more favorable to charophyte growth; and (v) changes in C cycling due to 405 volcanic activity. The source of Ca in LdM is likely the weathering of the andesitic/basaltic and rhyolitic rocks either from andesitic/basaltic lithologies of the older Cola de Zorro Formation or late Glacial-early Holocene rhyolitic eruptions (Hildreth et al., 2010) . Increased precipitation of calcite and higher presence of sulfate minerals during this phase could be related to the synergistic effects of increased volcanic activity demonstrated by the higher number of tephra layers intercalated in the sequence and favorable environmental conditions conducive towards increased weathering and Ca input to the lake (Figures 7 410 and 8). The increased volcanic activity during phase III could correspond to the early Holocene volcanic phase defined by Andersen et al. (2017) . Higher temperatures during the early Holocene could have also been a significant factor for promoting chemical weathering of the surrounding volcanic rocks, while in Chungará Lake the role of salinity due to the aridity could be a more decisive factor.
Phase IV:
A high carbonate, more productive and macrophyte-dominated productivity lake . This phase ended with higher detrital input (higher Z 1 -score) and the onset of an increasing trend Fe/Mn, coherent with an increase in water depth and establishment of more distal environments in the coring site. The 14 C based age model suggests this phase would correspond to the mid Holocene (8-4 cal ka BP). Geochemical proxies underscore the millennium prior to deposition of LT1 (ca. 5-4 cal ka BP) as one with the lowest bioproductivity and the highest clastic input during the Holocene. Higher clastic input could be related to the increased volcanic activity at the end 425 of unit 5.
Phase V: Emplacement of turbidite LT1 (4.0 cal ka BP.)
A complex sequence of events at LdM occurred about 4.0 cal ka BP, starting with intense and prolonged volcanic activity and deposition of a thick, multi-story volcanic unit including T9-L3-T8, followed by a thick turbidite unit (LT1) and capped by another tephra unit (T7) (Figures 3 and 4 ). This volcanic event is unique in the sequence, as basal tephra T9 shows fine-grained, 430 coarsening upward texture and convoluted lamination that could indicate pyroclastic flow processes or transported to the lake by runoff (Fontijn et al., 2016) . This 4.0 ka BP volcanic event could be linked to activity from the SE volcanic centers in
Paleoclimate implications
The LdM sequence provides new insights on central Chilean paleoclimate history, particularly about the nature of the early Holocene, the timing of the mid Holocene transition at a regional scale and the nature of the larger climate variability during the late Holocene. In the following sections we will take into account the chronology uncertainties of the LdM age model, when discussing the different events in LdM, and the paleoclimate inferences will be discussed at a inter-millennial time scale. the ocean (Lamy et al., 2010 (Lamy et al., , 1999 Muratli et al., 2010a, b) . Arid conditions during the early to mid-Holocene are also shown in pollen records at Quintero and Quereo (33 • S) (Villagrán and Varela, 1990 ) and in Laguna Aculeo (34 • S) (Jenny et al., 2002) from > 9.5 to 5.7 cal ka BP (Figures 1 and 8) . Drier conditions during the early to mid-Holocene have also been documented at Abarzúa et al., 2004; Moreno, 2004; Moreno and León, 2003) . Sedimentary records from oceanic, fjord and lake sites from southern, central and northern Chile indicate widespread warming at southern hemisphere mid-latitudes between 490 12.5 and 8.5 cal ka BP (Lamy and Kaiser, 2009; Fletcher and Moreno, 2011, 2012; Kaiser et al., 2008; Kim et al., 2002; Lamy et al., 2010) .
A relatively arid early Holocene
The abrupt shift to warmer conditions at the onset of the Holocene (Figures 7 and 8 Kienast et al., 2006; Mosblech et al., 2012; Rein et al., 2005; Schneider et al., 2014) . During the early Holocene, the SWW would have been in a more summer-like condition compared to a more winter-like pattern during the late Holocene (Lamy et al., 2010) . A positioning of the SPSH at the latitude of LdM (∼ 36 • S) with an initial weakening in early Holocene and a subsequent strengthening towards the late Holocene would have caused SWW-summer conditions between ∼ 12.0 and 9.0 cal ka BP, and decreased moisture in the Andes of central Chile (Figures 7 and 8 ). and 4 cal ka BP as littoral, macrophyte-rich environments were reduced in surface area as shown in other lakes (Nõges, 2009 ).
Hydrological changes beginning at ca. 8-6.5 cal ka BP are also known from other regional records ( Figure 8 ). Reconstructed precipitation from sedimentological, palynological and diatom data from Laguna Aculeo (∼ 34 • S, 300 m asl) suggest more arid (150-300 mm a −1 ) and warmer conditions prior to 7.5 cal ka BP, a progressive increase up to 5.7 ka with the development of a fresher water lake (up to 450 mm a −1 ), and a marked lake level rise after 3.2 cal ka BP (up to 550 mm a −1 ) (Jenny , 1999, 1996) . In addition, a neoglacial advance in the Mendoza Andes valley located at ∼ 35 • S suggest cold conditions between 5.7 and 4.0 cal ka BP (Espizua, 2005) , which is coeval with the changes that took place at LdM during this time interval ( Figure 8 ).
Further north, the Atacama and the tropical Andes records shown a complex humidity spatio-temporal structure during the early-to-mid Holocene and with clear differences between high altitude environments (Giralt et al., 2008; Grosjean and Núñez, 520 1994; Grosjean et al., 2003; Moreno et al., 2007; Sáez et al., 2007; Schittek et al., 2015; Valero-Garcés et al., 1999 , 1996 and the mid altitude areas (Latorre et al., 2003; Betancourt et al., 2000; Quade et al., 2008) . Intense and rapid moisture fluctuations during the mid-Holocene associated with modifications in precipitation seasonality have been proposed as an explanation for these discrepancies (Grosjean et al., 2003) . South of LdM, at 46 • S, increasing wind and precipitation (Daele et al., 2016) occurred between ca. 10 and 4-5 cal ka BP; in southern Patagonia (53 • S) the main decrease in precipitation also occurred 525 between 11 and 8 ka but this decrease continued until ∼ 5 ka (Lamy et al., 2010) . The lag in the climatic response from south to north is mainly a result of the expanding/displacement SWW belt toward the north.
Instrumental rainfall records from central Chile (27 -36 • S) indicate a tendency towards warm/wet (cold/dry) climate during positive (negative) phases of ENSO/PDO, respectively, that have a strong influence in the snow pack accumulation over the subtropical and mid latitude Andes (Garreaud and Falvey, 2009; Masiokas et al., 2006; Montecinos and Aceituno, 2003) .
atmospheres by the SWW and SPSH) could explain great part of the variability in bioproductivity in LdM: during periods of strengthened ENSO/PDO-like conditions, higher snow winter accumulation could produce higher runoff, increased lake levels, decreased littoral (macrophyte) productivity and increased planktonic productivity. On the contrary, periods of weakening ENSO/PDO-like conditions or more frequent La Niña-like conditions (for example, 4.5-4.0 cal ka BP) would have favored 535 increased organic productivity associated to lower water level and less intense winters (Masiokas et al., 2006; Nõges, 2009 ).
A more humid Late Holocene (last 4 ka)
Increased bioproductivity, decreased clastic input and the onset of dominant anoxic conditions (higher Fe/Mn) in LdM at ca. 4.0 cal ka BP (Figure 7 ) point to higher lake levels and increased phytoplanktonic productivity. The Fe/Mn ratio shows a change in oxidation state in the sediment/water interface at ∼ 4.5 cal ka BP to more anoxic conditions that continued throughout the 540 late Holocene (Figure 7) . Although geomorphic changes in the lake basin due to volcanic/seismic activity might have played a significant role, the coherent presence of high lake water levels in other regional records favors also a climate influence, with higher winter snowfall compared to early and mid-Holocene. All bioproductivity proxies show a distinctive transition at 2.0 cal ka BP with a decreasing productivity and a relative increase in clastic input (Figure 7) Overall, moisture availability in central Chile during the late Holocene seems to have increased, paralleling summer inso-545 lation and seasonality which reached their maximum in the in the late Holocene (Wanner et al., 2008) . The Aculeo record shows a progressive increase in effective moisture after 5.7 cal kyr BP and the establishment around 3.2 cal ka BP of modern humid conditions (Jenny et al., 2002; Villa-Martínez et al., 2003) . Numerous intercalated clastic layers after 3.2 cal ka BP reflect floods during rainy winters associated to a more frequent/intense El Niño-like activity (Jenny et al., 2002) . Furthermore, paleoceanographic proxy data from a marine core off central Chile show a significant increase in palaeoproductivity and de-550 creasing SSTs at 33 • S and 41 • S (Kim et al., 2002; Lamy et al., 1999) also interpreted as increased ENSO activity beginning at ca. 5.0 cal kyr BP (Rodbell et al., 1999) . Higher lake levels and increased moisture availability during the Late Holocene have also been documented in the Altiplano (Laguna Miscanti, 23 • S, Valero-Garcés et al. (1999 , 1996 ; Grosjean et al. (2001) and in northwest Patagonia (Lago Pichilafquén, ∼ 40 • S, Jara and Moreno (2014)). The LdM record supports increasing moisture during the late Holocene from tropical to mid latitudes in South America. Both greater fluctuations water levels and stronger 555 seasonality in temperature and precipitation would have prolonged seasonal cycles, and modified the hydrological dynamics of the basin in LdM. The invoked climate mechanisms include a strengthening of ENSO/PDO-like activity and a northward shift of the ITCZ (Bird et al., 2011; Carré et al., 2014; Haug et al., 2001; Moy et al., 2002; Rein et al., 2005; Stansell et al., 2013; Zhang et al., 2014) (Figure 8) .
The LdM productivity record shows two main changes during the last millennium: i) around CE 1300, when a drop in 560 organic bioproductivity and the onset of more frequent anoxic conditions occurs and ii) around the late 19 th century. The first period matches with a changes in the southern Pacific leading to cooler and wetter climate with increased storminess due to ENSO intensification, which largely affected the Polynesian societies (Rull et al., 2015) . The second, and more significant, fall in productivity is concomitant to the rapid increase in Aulacoseira and the decrease in planktonic Discostella stelligera and (Carrevedo et al., 2015) . The Medieval Climate Anomaly is characterized by a higher bioproductivity in comparison at the Little Ice Age (Figures 7 and 8) .
Holocene volcanic history based on LdM tephra deposits
The LdM age model allows to compared the volcanic activity recorded in the LdM sequence (Figure 5d ) with the volcanic evolution described by Andersen et al. (2017) based on surface deposits (Figure 5e ), but assignment of the LdM volcanic events 570 found in our sequence (Figure 3 ) to dated volcanic events (Singer, 2014; Singer et al., 2018) is not straightforward. Detailed mapping and dating of surface volcanic formations ( Figure 2 ) have led to the identification of two main recent phases of silicic volcanism in LdM: Early Post Glacial (between 26-19 ka BP) and Holocene (Andersen et al., 2017; Singer, 2014; Singer et al., 2018) . Occurrence of tephras T23 to T19 is coherent with regional volcanic activity prior to the Holocene (Figure 3) . The presence of coarser tephras (Lapilli L6, Site 1) suggests activity from closer volcanic centers. Although a genetic relationship 575 could not be demonstrated, the relationship with LT2 suggests that emplacement of L6 occurred at the same time as major volcanic/seismic events in LdM basin (Figure 3 ). Intense shaking of slope sediments and instability caused by hydrological changes or sediment load related to volcanic activity could have triggered mass wasting processes resulting in the LT2 emplacement in the basin (Figure 3 ). This is consistent with the lower δ 13 C and C/N ratio values which are indicative of greater content of C 3 land plant in the sediment ( Figure S11 ). Central Chile is also well known for its megathrust earthquakes and 580 many Andean lakes contain turbidites triggered by earthquake shaking (Van Daele et al., 2015) . Megaturbidites as LT1 and LT2 could be triggered by large megathrust earthquakes occurring after intense volcanic activity that produced the deposit of a thick, coarse-grained tephra in the lake lowering the slope-failure threshold (Wiemer et al., 2015) .
Volcanic activity in the LdM volcanic field during the early Holocene was intense ( Figure 3 and Table 5 ). After the large volcanic event responsible for L5, four tephra layers deposited (T17 to T14). More silica-rich composition of tephra (T18 till 585 T9) and lower MS values of L4 and L3 suggest a dominant rhyolitic chemistry composition during this phase and it is also coherent with the end of Latest Pleistocene to Holocene volcanic phase (Hildreth et al., 2010; Singer et al., 2000; Singer, 2014; Andersen et al., 2017) . Some tephra from early Holocene (T14, T15 and T16 see below) also have a distinctive composition with low XRF values of Fe and Sr ( Figure S6 ). Interestingly, this was a period with high organic content in the sediments (more macrophyte remains in facies D6c), highest TS and common presence of endogenic calcite, all suggesting some synergetic 590 interactions between volcanic activity and carbonate formation in the lake (Figure 4) . The second half of this volcanic phase was relatively less active, and ended with the deposition of L4 ( Figure 5 ). Although the dating of this part of the sequence is still uncertain, the onset of calcite formation in the lake could be synchronous to the beginning of the Holocene and so this phase could encompass the early Holocene (up to 8 cal ka BP).
Lapilli L2 and L1 and ash T6 to T1 layers deposited during the last 4 cal ka BP have petrographic and chemical characteristics suggests that millennial-scale Holocene climate and water availability in central Chile was largely ruled by variations in the summer insolation. Complex interrelations between solar irradiance and dynamics changes in regional patterns of internal climate variability such as the ENSO/PDO-like, SWW and the SPA, however, seem to exert a major control at centennial to 620 decadal scales.
Data availability. The data from proxies and facies are available from the authors upon request (matutefrugone@gmail.com).
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e. Fig. 6a ). We recognize five different seismic units (S1 to S5), based on the characteristics of seismic reflectors and correlated with lithostratigraphic units in northern areas of LdM. Rectangles mark detailed views shown in Fig. 5c. (c) Seismic-to-core correlation of sites 2 along the cross N-S reflection seismic profile LEMA 3. The seismic units correspond to the retrieved sequence including banded to laminated lake sediments with intercalated mass wasting deposit (transparent to homogeneous seismic facies) and volcanic layers (main reflectors) and coarse lacustrine/alluvial facies at the base (see supplementary data). South   T2   T3   T4   T5   T6   T10  T7  T8   T9   L4   T11 T12   T13   L5   T14   T15  T16   T17   T18a T18b T1 Tagua Tagua Lake (Valero-Garcés et al., 1999) . (h-i) Aculeo Lake (Jenny et al. 2002; 2003) . (j) Palo Colorado (Maldonado and Villagrán, 2006) . (k) Ñague Swamp Forest (Maldonado and Villagrán, 2002) . (l) Quereo Swamp Forest (Villagrán and Varela, 1990; Villa-Martínez and Villagrán, 1997) . 
